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We used ultrafast x radiography and developed a novel multiphase numerical simulation to reveal the
origin and the unique dynamics of the liquid-jet-generated shock waves and their interactions with the jets.
Liquid-jet-generated shock waves are transiently correlated to the structural evolution of the disintegrating
jets. The multiphase simulation revealed that the aerodynamic interaction between the liquid jet and the
shock waves results in an intriguing ambient gas distribution in the vicinity of the shock front, as validated
by the ultrafast x-radiography measurements. The excellent agreement between the data and the
simulation suggests the combined experimental and computational approach should find broader applications in predicting and understanding dynamics of highly transient multiphase flows.
DOI: 10.1103/PhysRevLett.102.074501

PACS numbers: 47.40.Nm, 41.50.+h, 47.61.Jd

Shock waves occur in nature, such as the solar corona [1]
and in man-made engineering applications. The technological and scientific challenges in diesel engines [2,3], highspeed jet cleaning, machining, mining [4], and military applications, such as shaped-charge liners [5], require highspeed and high-pressure disintegrating-liquid or solidmetal jets. Such jets, generated by either micrometer-sized
nozzles or explosion-based apparatus, can reach the supersonic regime [6,7] to generate shock waves. For more than
a century, shock waves generated by conventional methods, such as solid impacts and shock generators (shock
tube), have been extensively investigated [8,9]. However,
due to the dearth of experimental, theoretical, and computational methods, it has been extremely difficult to understand the shock-wave internal structure and its dynamics
when the shock waves are actively generated by supersonic
disintegrating jets (with either liquid or solid materials).
This lack of understanding has limited the improvement in
the application of high-pressure and high-speed liquid jets.
For instance, in modern diesel engines, shock waves can be
generated at the engine operating conditions, where the
fuel injection pressure may exceed 200 MPa. The interactions between the shock waves and the disintegrating
fuel jets can ultimately affect the fuel breakup and, thus,
the combustion efficiency and emission [10].
Experimentally, optical shadowgraph and Schlieren
imaging techniques have been used to visualize supersonic
liquid jets and to capture the shock waves [11–14].
However, there has been little detailed and quantitative
analysis of the shock waves, the jets, and their interaction,
because the sprays are optically dense. Previously, by using
ultrafast synchrotron x radiography, a shock wave generated by a high-pressure diesel fuel jet was imaged reveal0031-9007=09=102(7)=074501(4)

ing unusual behaviors, such as an ambient gas distribution
around the shock front [15] that structurally differed from
that in an oblique shock wave generated by a rigid wedge
[16]. The gas density distribution showed a remarkable
decompression region immediately following a broadly
distributed compression Mach cone. In this Letter, we
aim to understand the origin and mechanism of these
complex multiphase and dynamic phenomena by visualizing the shock-wave dynamics, as a function of liquid
injection pressure, with ultrafast x radiography. More importantly, we developed the first transient multiphase numerical hydrodynamic simulation that reveals the complete dynamical characteristics of the shock waves generated by these supersonic, disintegrating-liquid jets, which
is validated by the experimental data, qualitatively as well
as quantitatively. Here, a comprehensive set of ultrafast
radiographic data of the shock waves is essential for facilitating and validating the new numerical simulation.
Time-resolved x-radiography experiments were performed using an intense x-ray beam of 1% bandpass and
extended size along with a microsecond x-ray framing area
detector, the Cornell Pixel Array Detector [17], at the D-1
beam line of the Cornell High Energy Synchrotron Source
(CHESS). The jet leading-edge speed was measured at the
1-BM beam line of the Advanced Photon Source (APS) as
described previously [18]. At CHESS, the x-ray beam was
monochromatized to 6.0 keV using a double-bounce multilayer monochromator and slit-collimated to 15 mm (horizontal) by 2 mm (vertical). A high-pressure common-rail
diesel injection system and a single-orifice injector were
employed to generate supersonic liquid jets. An ambient
gas, sulfur hexafluoride (SF6 , density  6:1 g=mm3 ) at
0.1 MPa and room temperature, was used to simulate the
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FIG. 1 (color online). Shock wave generated by a transonic
liquid jet: X-radiographic images of the liquid jet with injecting
pressure of 40 MPa at 223 (a) and 338 s (b) after SOI, and jet
leading-edge speed at various injection pressures: 40, 100, and
135 MPa (c). The line indicates the sonic speed of 138 m=s of
ambient gas SF6 . The speed is calculated by measuring the jet
leading-edge position at various times [18].

high density of air in internal combustion engines during injection under normal adiabatic compression conditions. The liquid injection was performed at a pressure
ranging from 40 to 135 MPa with a nominal injection
duration of 400 s. The liquid used in the experiment
was a mineral oil, formulated as a surrogate of diesel
fuel, blended with an x-ray contrast-enhancing, ceriumcontaining compound.
When the injection pressure was set to 40 MPa, the
leading edge of the jet accelerated from subsonic to supersonic, resulting in the shock wave (Fig. 1). At this injection
pressure and 223 s after the start of injection (SOI), the
liquid jet extended about 21 mm from the nozzle exit
[Fig. 1(a)], and the corresponding jet leading-edge speed
was slightly lower than the sonic speed of 138 m=s. No
evidence of the shock wave was observed. At 338 s after
SOI, where the leading edge extended to 38 mm from the
nozzle exit, a fully developed shock wave, emanating from
the liquid tip, was clearly observed by microsecond x-ray
radiography, as shown in Fig. 1(b). At this time instant, the
liquid jet leading-edge speed was slightly supersonic. The
measured leading-edge speeds are shown in Fig. 1(c) for
liquid jet injected at 40, 100, and 135 MPa, respectively.
For 40-MPa injection, the tip acceleration from the subsonic to supersonic is the crucial mechanism for the onset
of a shock-wave generation. At higher injection pressures
(100 and 135 MPa), the jet leading edge immediately
becomes supersonic and generates the shock waves at the
nozzle exit.
The microsecond radiographic snapshots of fuel jets and
the projected ambient gas distribution in the vicinity of the
shock waves at 161, 177, and 330 s after SOI are presented in Fig. 2(a) for injection pressures of 135, 100, and
40 MPa, respectively. The dynamical shock waves generated by the liquid jets are shown in a more striking manner
in an animation of the x-radiographic images (see supplementary material No. 1 [19]), where the transient nature of
the shock waves at different injection pressures can be
observed clearly. X-ray attenuation allows measurement
of the mass distribution of both the gas and the fuel jet near

FIG. 2 (color online). Comparison between shock waves measured by microsecond radiography (a)–(c) and computational
fluid dynamics simulation (d)–(f). (a) X radiographs reveal the
shock waves generated by the liquid jet injected at 135 (top), 100
(middle), and 40 MPa (bottom) at 161, 177, and 330 s after
SOI, respectively. The color bar indicates the quantitative ambient gas distribution near the Mach cones. (b) Projected excess gas density profiles, in units of g=mm2 , across the shock
waves along lines 2.55 (A-A) and 4.80 mm (B-B) from the spray
axis. (c) Reconstructed 3D gas density along the same lines
across the Mach cone. The inset shows the model for the 3D
reconstruction [19]. (d) Simulation of shock waves generated at
the same injection conditions shown in (a). (e) Simulation results
on projected excess gas density profiles along lines A-A and B-B.
(f) Simulation results of excess gas density distribution in 3D.

the shock-wave front. Figure 2(b) shows the projected gas
density profiles crossing the shock wave along line A-A at
2.55 mm and line B-B at 4.80 mm from the spray axis in the
case of 100-MPa injection. A compression region (peaks)
outlines the shock-wave front, trailed by a broad region
with a decompression of gas with slightly lower than
ambient gas density. A three-dimensional (3D) gas density
distribution was reconstructed near the shock-wave front
from the 2D density projection [Fig. 2(c)] with an axial
symmetric model (see supplementary material No. 2 [19]
for details). Conversely, the projected gas density profiles
for the reconstructed 3D distribution along A-A and B-B
are plotted as solid lines in Fig. 2(b) to compare with the
experimental data. The 3D gas distribution again confirms
the profound compression and slight decompression region
in and behind the shock wave, respectively.
To facilitate a better understanding of the unique characteristics of the shock wave observed in the x-radiography
experiment, we developed a transient multiphase computational fluid dynamics (CFD) simulation of the shock waves
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in the gas phase in the presence of the disintegrating and
dispersing supersonic liquid jets. Simulation of multiphase
flow is one of the most complex and difficult problems in
fluid dynamics because at every time step the mass, momentum, and energy coupling terms between the phases
need to be carefully evaluated [20]. To capture a shock
wave in an initially quiescent ambient gas, we applied a
conservation law to the individual fluid elements by using
the space-time conservation element and solution element
(CESE) method [21] for directly solving hydrodynamics
equations in an Eulerian coordinate system. To simulate
the supersonic liquid jets, we also solved the spray dynamics equations by applying a discrete particle technique in a
Lagrangian coordinate system, where each computational
particle represents a number of child particles having
identical fluid properties, such as velocity and temperature
[22]. Since the x-radiography experiments measure the
density distribution of liquid and gas phases, our discussion
of the simulation will mostly concentrate on the density
characteristics of the gas phase in the shock-jet interaction
regions, which can be directly validated by the experimental data. Details about the simulation are given in supplementary material No. 3 [19].
The corresponding simulation results are shown in
Figs. 2(d)–2(f), allowing direct comparison between the
x-radiography and the numerical simulation snapshots.
More detailed simulation results on the shock waves are
included in supplementary material No. 4 [19]. Qualitatively, excellent agreement between the simulation and the
data is evident. The Mach cone angle becomes more acute,
and stronger shock waves are developed with increasing
injection pressures. Quantitatively, the gas density profiles
in Figs. 2(b) and 2(e) for the 2D projection and in Figs. 2(c)
and 2(f) for the 3D distribution also show remarkably good
agreement between the data and the simulation. The simulations have revealed two important features associated
with the shock waves: (1) The compression region near
the shock front is rather wide and spans a few millimeters,
and (2) a much broader (tens of millimeters) decompression region exists immediately following the compression
front. Both features are validated by the x-radiography
data, and they are physical.
The complex gas distribution indicates that the shock-jet
interaction can dominate the shock-wave morphology and
is strongly dependent on the transient structure and dynamics of the disintegrating jets. Using the CESE scheme,
we further examined this aspect of the shock-jet interaction
by modeling the liquid jets with different spray angles
caused by various degrees of breakup. With the injection
pressure at 100 MPa, the experimentally measured half
spray angle is about 1.66 [, inset in Fig. 3(a)]. Two
hypothetical liquid jets with half-angles of 2 and 4 times
 were chosen for numerical simulation at 177 s
after SOI. The on-axis cross-sectional views of the shock
waves from these wider jets are seen in Figs. 3(b) and 3(c),
respectively, showing changes in the detailed shock structure induced by different jet shapes. The gas density dis-
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FIG. 3 (color online). Simulation results of the shock waves
generated by a liquid jet with different spray half-angles of
(a)  ¼ 1:66 , (b) 2, and (c) 4, respectively, with injection
pressure and time kept at 100 MPa and 177 s, after SOI.
(d) Comparison of the projected excessive gas density profiles
across the Mach cones at 2.55 mm from the cone axis for the
three simulations.

tributions along A-A [Fig. 3(a)], B-B [Fig. 3(b)], and C-C
[Fig. 3(c)], 2.55 mm above the spray axis, are shown in
Fig. 3(d) along with the experimental data. An increased jet
angle results in a more severely decompressed region
behind the shock front. In addition, we speculate a conservation of the gas mass in the compressed and decompressed regions (see supplementary material No. 5 [19]).
This simulation clearly demonstrated that the shock-wave
distribution is sensitive to the instantaneous spray shape.
Inversely, the gas mass density distribution near the shock
front can predict the liquid-jet dynamics and structure in
cases where the spray shape is difficult to visualize, for
example, in the case of a nanojet [23].
The simulation was also used to reveal the detailed
aerodynamics of the surrounding gas in the vicinity of a
liquid jet, as shown in Fig. 4. The gas velocity vectors,
density, and liquid jet at 220 s after SOI (100-MPa
injection pressure) are overlaid in Fig. 4(a), while the
liquid jet alone is replicated in Fig. 4(b) for clarity.
Velocity vectors of the liquid jet (with amplitudes much
larger than 20 m=s) are omitted in the figure in order to
reveal (1) the high-density region near the jet front and

FIG. 4 (color online). Transient multiphase simulation results
on aerodynamic behavior and internal structure of the shock
waves superimposed with gas phase velocity vectors and gas
density distribution: (a) The liquid jet, injected at 100-MPa
pressure and 220 s after SOI, is overlaid with the gas velocity
and density map; (b) the liquid jet alone is replicated for clarity.
Major features such as the separation line and rollback sprays are
labeled.
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(2) the gas entrainment dynamics near the jet and the shock
front, which normally has a lower velocity, typically below
20 m=s. Along the Mach cone front, the gas velocity is
mostly normal to the front, a characteristic associated with
a compression wave. Behind the Mach cone along the
separation line [broken line in Fig. 4(a)], the ambient gas
starts to expand, and its velocity vectors turn away from the
separation line and trend toward the liquid jet. Two effects
arise from this aerodynamic process: gas expansion behind
the shock front (confirmed by the ultrafast x-radiography
measurements) and gas entrainment towards the liquid jet.
Because of the drag force by the surrounding gas exerting
on the high-speed liquid jet, especially near the jet leading
edge, the liquid can be stripped away from the main jet to
form the rollback spray, as shown Fig. 4(b). Further away
from the shock front (within 20 mm from the nozzle exit),
the entrainment velocity is normal to the spray, which is
similar to the steady-state jet entrainment process [24].
In summary, for the first time in a quantitative manner,
we characterized the dynamic behaviors of shock waves
generated by and interacting with a supersonic and
disintegrating-liquid jet by ultrafast x radiography and a
time-resolved multiphase fluid dynamics simulation based
on the CESE method. The aerodynamics near the jet and
shock front is largely responsible for the complex gas distribution (compression or decompression) in these regions,
as shown by the numerical simulation. The quantitative
agreement between the simulation and the data implies that
the 3D transient multiphase simulation can be readily
applied to understanding the fluid dynamics in many other
systems, such as shock-wave-induced microbubble jetting,
primary breakup modeling, and cavitating flows [25–31].
These unique properties associated with the shock waves
could be used to understand the liquid jet itself, such as
determining the original shape of the material injected on
micrometer or nanometer scales, which cannot be resolved
by any other visualization technique.
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